Equilibrium of forces" is the principle used in the current New Zealand code requirements for shear reinforcement of beam column joint.
This principle, however, yields irrational or empirical aspects of the current code requirements.
The latter principle as well as a simplification of stress distribution along the periphery of the joint can yield a design equation to calculate the necessary amounts of shear reinforcement in inelastic interior joint.
Normally, this design equation requires smaller amounts of shear reinforcement than the current New Zealand code, especially for the following cases: a) the joint shear stress is small, b) the axial force is small, c) the amount of top beam reinforcement is larger than at the bottom, and d) the amounts of vertical shear reinforcement is large.
IRRATIONAL ASPECTS OF CURRENT NZ CODE
The current New Zealand code for concrete structures, NZS 3101:1982 (1) , requires that the horizontal shear reinforcement within a beam column joint must carry the total joint shear force unless the axial force of the column is large enough or the plastic hinge regions of the beams are relocated away from the column faces.
This requirement is based on the theory of truss and strut actions proposed by Paulay et al (2) . This requirement has raised international arguments.
Park et al (3) conducted a test on a specimen which satisfied the requirement, and concluded that the requirement was not overly conservative. On the other hand, Kitayama et al {4, 5) also conducted an experiment on a specimen which satisfied the requirement, and concluded that one half of the shear reinforcement required by the New Zealand code was enough to keep the shear reinforcement in the joint elastic after reversed cyclic loading to a large deflection angle.
The specimens of both experiments had many similarities: small axial load, large ratio of column depth to beam bar diameter, etc. The largest difference between the specimens was, in the author's view, that the ratio of the amount of the top beam reinforcement to that of the bottom (Ast/As]3) was 2 in Kitayama's specimen, whereas, in Park's _ Research Associate, Department of Architecture, Nagoya Institute of Technology, Nagoya 466, Japan. specimen, the ratio was 1.
The author believes that Paulay 1 s theory (2) includes limitations which yield irrational or empirical aspects of NZS 3101 as follows: [1] Current design equation for inelastic joint to evaluate the contribution of concrete to the horizontal joint shear strength is not based on the theory of truss and strut action.
It utilizes an empirical equation for shear design of beam and column. [2] Current equation for inelastic joint ignores the effects of the difference between the amount of top and bottom beam reinforcement.
When the amounts of top beam reinforcement are larger than at the bottom, the flexural concrete compressive stresses in the beams will not completely diminish after inelastic load reversals.
This will have favourable effects compared with the case of equal top and bottom beam reinforcement. [3] Current design equation gives the amount of horizontal shear reinforcement regardless of the amount of vertical shear reinforcement present.
However, they must be related to each other.
The amount of the intermediate longitudinal reinforcement in a column will often be larger than the required amount of vertical joint shear reinforcement.
The excess of the vertical shear reinforcement can decrease the necessary amount of horizontal shear reinforcement.
All these irrational aspects indicate the limitation of the basis of current equations, "the principle of equilibrium of inner forces".
A force polygon of inner forces may correctly represent an equilibrium of stresses for a few special cases, but not necessarily for all the cases.
The objective of this paper is to develop a design equation for joint shear reinforcement based on the principle of equilibrium of stresses.
This design equation will overcome these irrational aspects.
SCOPE AND ASSUMPTIONS
This paper deals with a one way interior joint as shown in Fig. 1 .
Area of left and right column bars is assumed to be the same. Area of top beam bars is assumed to be equal to or larger than bottom beam bars (Ast •> Ask) .
Prestressing steel is not considered. 
(2) (c) Shear forces from the left and right beams are the same. Shear forces introduced by the top and bottom columns are also the same.
(d)
Forces in the tensile and compressive column bars, Tc and Cgc, are calculated by assuming that the column section remains plane after deformation and by assuming an appropriate stress-strain model for concrete.
Contributions of the intermediate column bars to flexural strength are ignored in this analysis.
The intermediate column bars are assumed to serve as the vertical shear reinforcement only. 
The concentric component of compressive concrete force, Pev# can be calculated by the following equation, which is derived from assumptions (c), (d) and (e) and include the axial force.
In addition to the assumptions (a) to (e) shown in Fig Bond forces along the column bars are also uniformly distributed over the length of j^.
(g)
Concrete carries no tensile stress, but it may carry infinite compressive stresses.
[The objective of this paper is limited to develop an equation to calculate the necessary amount of joint shear reinforcement.
So a compressive failure of joint concrete is not considered.] This action can be decomposed into two actions: the strut action (diagonal compression) shown in Fig. 7 (a) and the bond action (horizontal compression) shown in Fig. 7(b ). It appears unrealistic to assume that hoop action Vqa, works directly on the beam face as shown in Fig. 7 (a) as long as the horizontal joint shear reinforcement consists of hoops enclosing column bars. This assumption will be justified in Appendix 1. The equilibrium of forces requires that
This action can be decomposed into two actions: the strut action (diagonal compression) shown in Fig. 9 (a) and the bond action (horizontal compression) shown in Fig. 9 We define the horizontal joint shear reinforcement as the hoops placed between the top and bottom beam bars.
This definition leads to equation (14) which gives the necessary amount of horizontal joint shear reinforcement.
The remaining hoop actions, (Vqa + V^) /2 above the top beam bar and Vqfc/2 below the bottom beam bar, are assumed to be carried by the hoops in the columns above and below the joint, respectively.
This assumption will be discussed in Appendix 2.
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Substituting in the equation (8) This relationship is shown in Fig. 11 . This figure implies that the amount of horizontal joint shear reinforcement need not be equal to the total joint shear force even when the axial force is zero.
VERIFICATION OF THE PROPOSED EQUATION
Because the proposed design equation is based on the assumption that the anchorage of the beam bars within the joint is satisfactory, we should choose tests with good anchorage.
Unfortunately, most of the existing tests of beam-column subassemblages available to the author had poor anchorage of beam bars except the following four specimens: Details of these sneciniens are listed in Table lf where specimens C2 and C3 are listed in the same column because they are almost identical except that the ratio of horizontal joint shear reinforcement, pw = Ajh/(bcjj3), of specimen C3 is about twice of that of specimen C2.
Characteristic data are underlined.
In this table, fy indicates the measured yield strength. Tne horizontal joint shear force, v jh' was calculated with Eq. (4), assuming that the steel strength enhancement factor, X, was 1.1 and estimating the column shear with
The tensile and compressive forces of the column bars, Tc and Cc of this table were calculated by the plane section analysis assuming that both the column steel and concrete were linearly elastic and the modulus of elasticity of concrete was 1/15 of that of steel and ignoring the tensile strength of concrete.
This assumption is identical with that of the current Japanese code (7) to calculate allowable bending moment at a column section.
This assumption would be justified because the compressive strain of the column concrete obtained by this analysis was small enough.
In the actual As the ratios Pe/Agfc' are less than 0.1 in all the specimens, the current New Zealand code (1) requires Vg^/V-jh = 1.00 as indicated in the last line of this table. In the test of Unit 1 by Park et al (3), the tensile force in the horizontal joint shear reinforcement, Vs^, was measured by the strain gauges.
The average of the measured ratio of Vg^/Vj^ (where the denominator Vjn was also the measured value) was 0.78 at the second cycle of ductility factor ±4.
The ratio increased up to 1.06 when the ductility factor was ±6.
These data are indicated in the line "Vg^/Vjh meas'd" in Table 1 .
The ratios of Vsn/Vjn calculated by the proposed equation and the current NZ code ("Vsh/ Vj \h P ro P ?d " and "Vsh/ V jh NZS" in Table Dwere about 1.0 which agreed with the measured ratios.
The ratios VSn/Vjn was also measured in the test of the specimens C2 and C3 by Kitayama et al (4 and 5) . The ratio was 0.46 and 0.60 for the specimens C2 and C3 at the first cycle of ductility factor about 5.
(The ductility factor was calculated according to Park and Paulay (8) .)
The ratio Vg^/Vjh calculated by the proposed equation, 0.56, agreed with the measured ratio better than that by the current NZ code, 1.00.
The main reasons why the proposed equation give a ratio much smaller than unity are: tributed as shown in Fig. 3 .
Then, the bond stresses of the top beam bar, ts^, of specimen CI (as well as C2 and C3) is:
where Pgt is the sum of the perimeter of the top beam bars and d^ is the diameter of one -beam bar.
The bond stress of the bottom beam bar isi (1) the amount of the top beam bars was twice that of the bottom, and
(2) the amount of the intermediate column bars was about three times of that required by the current NZ code.
In Specimen SW10 tested by Ichinose et al (6) , the tensile force in the horizontal joint shear reinforcement, Vg^, was not measured.
Judging from the crack distribution within the joint, however, the horizontal joint shear reinforcement did not yield even after the specimen was subjected to the cyclic loading of ductility factor about 5.
So, we can assume that the proportion of the joint shear force carried by the horizontal joint shear reinforcement, Vsn/V-jn, was less than 0.76, "Vsh/ V jh given" in Table 1 .
The ratio Vg^/Vj^ calculated by the proposed equationr 0.74, agrees with this test result better than that by the current NZ code.
The main reasons why the proposed equation gives the ratio considerably smaller than unity are: (1) the ratio (P^ + V )/Vjh, the horizontal axis of Fig. 10 (3) where tst = tst Further, the ratio hc/djD of s 30, which is larger than the f the current NZ code for grade /d^ <_ 25.
Hence, it is probable stresses t -sb = 7.3 MPa st 5.5 MPa and in specimen CI were considerably smaller than the bond strength.
If so, the distribution of bond stress needs not be uniform as shown in Fig. 3 . One possibility is that the bond stress is large where the beam bars are in compression and is small where the beam bars are in tension.
This deviation of bond stress in the compression zone could be carried by a strut mechanism shown in Fig. 12 , which does not need hoop action.
Such a redistribution of bond stress requires horizontal strain along the beam bar, which might induce yielding of the horizontal joint shear reinforcement.
(2) the distance between the extreme column bars is larger than that between the top and bottom bars (j /j, = 1.4).
J c J b
It would be valuable to examine the test results of Specimen CI of Kitayama et al (4) . The dimensions and reinforcing details of specimen CI are almost identical with those of specimens C2 and C3 except that the ratio of horizontal joint shear reinforcement, pw, of specimen CI is 0.27%. This ratio pw is about one third of that required by the proposed equation (16). Strain of the shear reinforcement of this specimen CI reached the yielding level when the flexural yielding of the beam bars was observed.
The strain increased beyond the yielding level after the inelastic cyclic loadings.
The shear deformation of the joint, however, was almost the same as those of specimens C2 and C3.
Shear failure of the joint was not observed in specimen CI. The load deflection relationship of this specimen was spindle-shaped even at the loading excursion of ductility factor about 5.
In short, the joint shear failure was prevented with shear reinforcement less than that required by the proposed equation (16).
A generalization of conclusions from the above observations is, however, not justified because of the following reasons:
Assume again that the bond forces of the beam bars within j^ are uniformly dis- It should be noted that the strut mechanism of Fig. 12 can be realized when the average bond stresses of the beam bars are smaller than the bond strength.
Therefore , reduction of horizontal joint shear reinforcement based on the strut mechanism of Fig. 12 requires the ratio of hc/dc to be larger than the minimum specified.
CONCLUSIONS
(1) The principle of the equilibrium of stress as well as a simplification of stress distribution along the periphery of the joint can yield a design equation (16) for inelastic interior joint.
(2)
Normally, this design equation requires smaller amount of shear reinforcement than the current NZ code, especially for the following cases: a) the joint shear stress is small, b) the axial force is small, c) the amount of top beam reinforcement is larger than at the bottom, and d) the amount of vertical joint shear reinforcement is large.
(3)
The proposed design equation agrees with results from the following two tests which seemed to contradict each other: a) Park and Milburn (3) concluded that the current NZ code requirement was not overly conservative, and b) Kitayama et al (5) concluded that one half of the shear reinforcement required by the current NZ code was enough to keep the joint elastic.
APPENDIX 1 HOOP ACTIONS OUTSIDE THE EXTREME COLUMN BARS
The assumption in the quasi strut action A that the hoop action, Vga, works directly on the left beam face as shown in Fig. 7(a) can be justified as follows:
The upper left corner of Fig. 7(a) is enlarged and shown in Fig. 13(a) . The actual hoop action must be as shown in Fig. 13(c) . Because of its anchorage, forces from the horizontal joint shear reinforcement must be applied where hoops enclose column bars. As a summation of Figs. 13(a) and (13b) equals Fig. 13(c) , the tensile stress in Fig. 13(b) is required to sustain the quasi strut action of Fig. 13(a) .
This tensile stress is incompatible with the assumption that the concrete does not carry any tensile stress.
We should note, however, that the beam bars in this region carry a large amount of compressive force, which would cancel the tensile stress shown in Fig.  13(b) . Therefore, the quasi strut action of Fig. 13(a) or Fig. 7 (b) will be sustained.
We can also justify the assumption with regards to the bond action in Fig. 7(b) that the hoop action Vga is applied directly on the right beam face.
The assumed hoop action Vga of Fig. 7(b) equilibrates with . the bond stresses of the beam bars distributed between the external column bars, as shown in Fig. 3 .
So, hoop action between the external column bars can constitute the bond action of Fig. 7(b) .
APPENDIX 2 HOOP ACTIONS IN ADJACENT COLUMNS
We can justify the assumption in equation (14) 
